Introduction
Bioremediation, a natural degradation process, has provided a cost-effective alternative to eliminate in situ organic pollutants from the environment, since autochthonous microbial communities have an adaptive response and in many cases can acquire the ability to metabolize such compounds. Petroleum hydrocarbons and polychlorinated compounds are widespread pollutants in the environment and possess known or suspected toxic, mutagenic, and carcinogenic properties. The biodegradation of these compounds has been intensively studied, and many bacterial strains have been isolated for their ability to degrade and use them as sources of carbon and energy (Hamann et al. 1999; Harwood and Parales 1996) .
Numerous molecular biology techniques are now available to study microbial community ecology, by detecting and quantifying target microorganisms or target genes in environmental samples. Specific gene probes and (or) specific oligonucleotide primers can be designed, based on existing DNA sequences, encoding different enzymes involved in degradation pathways. These molecular methods are advantageous because uncultivated microorganisms, which may represent up to 99% of the naturally occurring cells in the environment, can be analyzed rapidly and with increased detection sensitivity (Leahy and Colwell 1990; Holben 1992; Greer et al. 1993; Gelsomino et al. 1999; Meyer et al. 1999) . Furthermore, these same molecular approaches can help us assess the endemic and the cosmopolitan distribution of different catabolic genes in natural communities. Microbial diversity and biogeographic studies can help identify whether microorganisms or specific genotypic characteristics are widely distributed or if they tend to be endemic only to specific areas (Staley 1999; Staley and Gosink 1999) .
Monooxygenases and dioxygenases are key enzymes in the biodegradation of a wide range of environmental pollutants, and the genes encoding these enzymes have been characterized in Pseudomonas putida (formerly P. oleovorans, see van Beilen et al. 2001 ) ATCC 29347 (Pp alkB), Rhodococcus sp. strain Q15 (Rh alkB1,R halkB2), Acinetobacter sp. ADP-1 (Ac alkM), P. putida ATCC 17484 (ndoB), P. putida F1 (todC1), P. putida ATCC 33015 (xylE, cat23), and P. pseudoalcaligenes KF707 (bphA). Pp alkB,located on the OCT plasmid, a member of the IncP-2 family of plasmids, encodes alkane hydroxylase, a membrane-bound monooxygenase that is the first enzyme of the short-chain alkane (C 6 -C 12 ) degradation pathway (Kok et al. 1989; van Beilen et al. 1994) . Recently, highly similar multiple alkane hydroxylase systems have been isolated and characterized in Rhodococcus erythropolis NRRL B-16531 and Rhodococcus sp. strain Q15 (Whyte et al. 2002a) ; this genus and other closely related high %G+C actinomycetes are considered important members of hydrocarbon-degrading microbial populations in contaminated soils (Warhurst and Fewson 1994) . Both organisms are psychrotrophs, degrade a wide range of n-alkanes (C 8 -C 32 ), and contain at least four alkane monooxygenase homologues (Rh alkB1,R halkB2,R h alkB3, and Rh alkB4); when the rhodococcal alkB2 was cloned into P. fluorescens KOB2∆1, the recombinant strain was able to mineralize and grow on C 12 -C 16 n-alkanes (Whyte et al. 2002a) . Ac alkM encodes alkane monooxygenase, one of the five essential genes encoding alkane utilization by Acinetobacter sp. ADP-1, required for degradation of C 12 -C 18 n-alkanes (Ratajczak et al. 1998) . The natural diversity of the alkane hydroxylase system has recently been presented by van Beilen et al. (2003) . The ndoB gene, located on the NAH7 plasmid, is one of three genes that encode naphthalene dioxygenase, the first enzyme in the P. putida ATCC 17484 naphthalene degradation pathway (Kurkela et al. 1988) . The todC1 gene, located on the chromosome of P. putida F1, encodes for the α-subunit of terminal dioxygenase, one of three components of toluene dioxygenase, the first enzyme involved in the toluene degradation pathway (Zylstra and Gibson 1989) . The xylE and cat23 genes, located on the TOL plasmid of P. putida ATCC 33015, encode for catechol 2,3-dioxygenase, a key enzyme involved in the lower degradation pathway of aromatic compounds, such as toluene and xylene (Nakai et al. 1983; Moon 1995; Okuta et al. 1998; Laramée et al. 2000) . The bphA gene, located on the chromosome of the polychlorinated biphenyl-degrading strain P. pseudoalcaligenes KF707, encodes for biphenyl dioxygenase, a multi-component enzyme responsible for the catalysis of the initial oxidation of biphenyl and chlorobiphenyls (Furukawa et al. 1987; Asturias et al. 1995) .
Several studies have been conducted in cold environments in Alaska, the Arctic (Lindstrom et al. 1991; Button et al. 1992; Pritchard et al. 1992; Master and Mohn 1998; Whyte et al. 1999a) , and the Antarctic (Pietr 1986; Delille et al. 1997; Mac Cormack and Fraile 1997; Aislabie et al. 2000; Bej et al. 2000; Delille 2000) to specifically examine petroleum hydrocarbon and polychlorinated compound degradation in different ecosystems, but relatively little genotypic information is available for Antarctic soils. For bioremediation of oil-contaminated Antarctic soils, indigenous microbial populations that degrade alkanes and aromatic compounds are necessary, since the Antarctic Treaty prohibits the introduction of foreign organisms (Aislabie et al. 1998 ). In the same manner, little is known about the genotypic diversity of soil microbial communities in tropical and subtropical areas (Pellizari et al. 1996; Fulthorpe et al. 1998) and its potential for bioremediation.
The objective of this work was to compare the total bacterial community DNA extracted from contaminated and control soils from Antarctica and Brazil for the presence of four genotypes of alk genes and five different aromatic dioxygenase genes involved in hydrocarbon and chloro-organic metabolism, using PCR and hybridization analysis. The use of these methods will provide basic knowledge on the distribution of these degradative genotypes in cold and tropical ecosystems, which would help in predicting biodegradation potential under distinctly different environmental conditions.
Materials and methods

Soils
Twenty-nine soil samples were collected from areas that were impacted and not impacted by anthropogenic activities in two distinct geographic regions, Antarctica and Brazil. In Antarctica, 16 soil samples were obtained during the summers of 1998 and 1999, at several sites near the Brazilian Antarctic Station Comandante Ferraz (EACF), from areas surrounding the diesel fuel storage tanks and from other stations and noncontaminated sites distributed along Admiralty Bay and Maxwell Bay, on King George Island, South Shetland Islands, Antarctic Peninsula. The Brazilian Antarctic station (lat 62°05′S, long 058°23.5′W) was established in the summer of 1984 and is presently a medium-sized research station with a summer population of about 50 people, with power being supplied by diesel generators. The station has a 380 t Antarctic grade diesel oil tank, which is replenished every summer by ship. The petroleum derivative most frequently used in the Antarctic is Diesel Fuel Arctic (DFA), which contains mainly semi-volatile aromatic hydrocarbons, such as naphthalene, other aromatics, alkanes, and their corresponding alkyl-substituted derivatives (Bícego et al. 1996 ; Secirm/Proantar/CNPq/Brazil 2000). Both alkane and aromatic hydrocarbons are spilled on the land because of field operations, involving fuel storage and vehicle refueling activity. In all cases, control soils with similar soil characteristics to the corresponding contaminated soils were collected from regions -0.2 to 1 km from the corresponding contaminated sites.
In Brazil, 10 samples were obtained during the winter of 1998 from Pilões landfill in Cubatão, São Paulo State (lat 23°54′19′′S, long 46°28′00′′W), an area where industrial residues were disposed, including polychlorinated biphenyls (PCBs) (Aroclor 1254, 0.089 mg/kg), pentacholorophenol (0.51-28 mg/kg), hexachlorobenzene (6.0-28 mg/kg), benzene (0.09 mg/kg), o-xylene (0.028 mg/kg), total petroleum hydrocarbon (25 000 mg/kg), and 4,4′-dichloro-diphenyltrichloroethane (DDT) (0.024 mg/kg) (Moura 2000). (The concentrations indicated are averages for all soils sampled in the landfill area.) Control samples were collected from noncontaminated locations within 200 m outside of the landfill area. Three samples were obtained from an experimental area contaminated with benzene, toluene, ethylbenzene, xylene (BTEX) in Florianópolis, Santa Catarina State (lat 27°35′S, long 48°34′W), during the winter of 1999.
Composite samples from each sampling site were collected just below the surface to a depth of approximately 10 cm with sterile spatulas, sealed in sterile Whirlpak ® bags, transported on ice to the laboratory, and stored at -20°C until they were analyzed.
Total community DNA extraction and purification
The total community DNA of all soil samples was extracted in Montréal, Quebec, using an adapted protocol (Ausubel et al. 1990; Fortin et al. 1998 ). Prior to lysis treatment, 4.5 mL of distilled water was added to 10 g of soil samples. A 500-µL aliquot of 250 mmol/L Tris-HCl (pH 8.0) and 50 mg of lysozyme were added, and the samples were incubated for 30 min at 30°C, followed by 30 min at 37°C with mixing by inversion every 10 min. Proteinase K was added to a final concentration of 20 mg/mL, and samples were incubated for1ha t3 7°C .T h elysis treatment was completed with the addition of 500 µL of 20% SDS and incubated for 30 min at 85°C. Samples were centrifuged (13 600g) for 10 min at room temperature. Supernatants were treated with a one-half volume of 7.5 mol/L ammonium acetate, incubated on ice for 15 min to precipitate proteins and humic acids, and centrifuged for 5 min at 4°C (13 600g). The DNA was precipitated with one volume of isopropanol at -20°C, overnight. Samples were centrifuged at 4°C for 20 min (15 800g). Pellets were washed with 70% cold ethanol and dried by speed vacuum for approximately 5 min. Each DNA sample was resuspended in 200 µL of Tris-EDTA (pH 8.0) and stored at -20°C.
To obtain high-quality PCR-amplifiable DNA, all samples were purified using polyvinylpolypyrrolidone (PVPP) spin columns (Berthelet et al. 1996) . To assess DNA average molecular size and quality, the soil DNA extracts were run on 0.7% (m/v) agarose gels, (Sambrook et al. 1989 ) with a 1-kb ladder as reference. The DNA yields were soil dependent and ranged from 2.5 to 15.7 µg/g dry soil and from 2 to 7.5 µg/g dry soil for the Brazilian and Antarctic soils, respectively. Approximately 100 ng of DNA (quantified using DyNA Quant 200, Hoefer) was used as template for PCR amplification. To determine whether there were any PCR inhibitory compounds in the DNA preparations, universal 16S rDNA eubacterial primers (Coates et al. 1998 ) were used as a positive PCR amplification control (Table 1) .
Detection of catabolic genes by PCR and hybridization of PCR fragments
The purified DNA extracts from 29 soils were screened by PCR to detect the following catabolic genes that encode enzymes involved in a variety of known bacterial biodegradative pathways: alkB and alkM (n-alkanes), ndoB (naphthalene), todC1 (toluene), xylE (xylene), cat23 (catechol), and bphA1 (biphenyls). The oligonucleotide primers used in this study were derived from the published sequences of these catabolic genes and designed to specifically detect DNA sequences from within the coding region of these genes, using the reference strains listed in Table 1 as positive controls. The construction and specificity of the primer and probe sets have been described previously (i.e., alkB and alkM (Whyte et al. 2002b) ; ndoB, todC1, xylE ). PCR was carried out, essentially as described by Whyte et al. (1996) , for 30 cycles (each) of 1 min of denaturation at 94°C, 1 min of annealing at 60°C, and 1 min of extension at 72°C, and a final extension of 3 min at 72°C, using a Perkin Elmer-Cetus DNA thermal cycler 480 (Perkin Elmer-Cetus, Mississauga, Ont., Canada). Amplification products were analyzed on 1.2% agarose gels, followed by ethidium bromide staining to verify if the amplification was successful (Sambrook et al. 1989) .
To verify that the correct PCR fragments had been amplified, they were transferred from the agarose gel onto nylon membranes (Boehringer Mannheim, Mannheim, Germany) using a LKB 2016 VacuGene vacuum blotting system (Pharmacia Biotech, Baie d'Urfé, Quebec), as described be- low. The membranes were pre-wetted with distilled water. Depurination (0.25 mol/L HCl), denaturation (0.5 mol/L NaOH, 0.5 mol/L NaCl), and neutralization (1 mol/L Tris (pH 7.5), 1.5 mol/L NaCl) solutions were applied to the surface of the gel, in this sequence, for 20-30 min each under a vacuum of 55 mbar. Subsequently, the gel was submerged f o r2hi nt h efinal solution of 20× SSC (3 mol/L NaCl, 0.2 mol/L sodium citrate, pH 7.0) to complete the transfer of the DNA fragments to the nylon membranes. DNA was fixed to the membranes by UV cross-linking, twice employing the auto cross-link function of a Stratalinker UV-cross-linker. The membranes were kept in sealed plastic bags at -20°C until the hybridization was carried out. The membranes were prehybridized for2hi naprehybridization solution at 65°C. Hybridization was performed overnight at 65°C in 10-20 mL fresh hybridization solution, including 10-20 ng/mL digoxigenin (DIG)-labeled DNA probe, followed by high-stringency washes, as described in the DIG System User's Guide (Boehringer Mannheim). Detection was carried out by the chemiluminescent method, with the alkaline phosphatase substrate 25 mmol/L disodium-3-(4-methoxyspiro1,2-dioxetane-3,2′-(5′-chloro)tricyclodecan-4-yl)phenylphosphate (CSPD). Probed membranes were sealed in plastic blotting bags and exposed to Kodak X-Omat AR films at room temperature. Gene probes for this study were prepared by PCR using primers usually 23-30 nucleotides (nt) in length (Table 1) , derived from the published sequences of the specific catabolic genes (Greer et al. 1993) . Each set of primers (10-20 ng/mL) was added to a 50 µL PCR reaction. The PCR was performed using a Perkin Elmer-Cetus DNA thermal cycler 480 and was carried out as described by , with a modification of 1 min annealing at 70°C. This high annealing temperature was used to minimize nonspecific amplification. The PCR products were visualized by electrophoresis in a 1.2% agarose gel and then purified using the QIAquick PCR purification kit (QIAGEN Inc., Montréal, Que.). The probes were labeled with the DIG nonradioactive nucleic acid labeling and detection system, using the DIG Oligonucleotide 3′-end labeling kit (Boehringer Mannheim).
Results
Crude DNA extracts were recovered from 16 soil samples from the Antarctic and 13 soil samples from Brazil. All DNA extracts from the Antarctic soils, following PVPP column treatment, were pure enough to be used as templates for direct PCR amplification. All DNA extracts amplified a conserved region of 511 base pairs of the 16S rDNA gene with eubacterial primers 8F and 519R, indicating that DNA had been successfully extracted from the soils and confirming the absence of any PCR inhibitory compounds in the DNA preparations. The PCR and hybridization detection limits for Rh alkB1,PpalkB, and Ac alkM were determined in a previous study (Whyte et al. 2002b ) using the same soil DNA extraction, PCR amplification and hybridization protocols used in this study; similar detection limits (-10 4 cells/g soil by PCR and a further -10 to 100-fold increase in sensitivity by Southern hybridization) were found in the three different reference bacteria (i.e., Acinetobacter, Pseudomonas, Rhodococcus), indicating that the techniques used had similar soil DNA extraction and PCR amplification efficiencies.
Antarctic soils
PCR and hybridization analysis of DNA extracts from the 16 Antarctic soil samples (Table 2 ) resulted in the amplification of DNA fragments of comparable size to that of the positive controls for three of the screened alkane monooxygenase genes (Pp alkB,R halkB1,R halkB2). Overall, the rhodococcal alkB1 (94%) and alkB2 (62%) genes were more frequently detected among the samples than the Pp alkB (44%) gene. Rh alkB1 was detected in all the contaminated and control soils. Strong hybridization signals indicated that the PCR amplification products had relatively strong homology to Rh alkB1. The rhodococcal alkB2 genotype was also detected in many of the contaminated (64%) and control soils (60%). However, in some cases, the PCR bands did not hybridize to the Rh alkB2 gene probe indicating that these fragments had relatively less homology to the Rh alkB2, considering the high stringency conditions used for hybridization analysis, or that these fragments were spurious PCR amplification products. The Pp alkB genotype was detected more frequently in the contaminated soils around the diesel fuel storage tanks at EACF (55%) than in the control soils (20%). Acinetobacter sp. ADP-1 alkM was not detected by PCR or hybridization analysis in any of the Antarctic soils and therefore has not been included in Table 2. PCR with specific primers for the naphthalene dioxygenase gene (ndoB) produced a DNA fragment of 642 bp for all soils sampled around the diesel fuel storage tanks and adjacent areas near the EACF. These PCR fragments hybridized to the ndoB probe as strongly as the P. putida ndoB PCR fragment, indicating a high homology with the ndoB gene. The ndoB genotype was detected in 69% of the Antarctic soils. The xylE PCR amplification products were confirmed by hybridization to the xylE gene probe in 55% of the contaminated soils and in 60% of the control soils. The cat23 genotype was detected in 44% of the contaminated soils around the EACF, while it was not detected in any of the control soils. PCR amplification and gene probe hybridization using the todC1 gene resulted in strong signals for 95% of the Antarctic soils, the most common aromatic degradation pathway genotype detected in these soils. The bphA1 genotype was detected by PCR in 81% of the Antarctic soils, producing the expected 830-bp DNA fragment with a comparable size to that of P. pseudoalcaligenes KF707, which was also verified by hybridization to the bphA1 gene probe (Fig. 1) .
Brazilian soils
PCR and hybridization analysis of DNA extracts from the 13 Brazilian soil samples (Table 3) revealed that the Rh alkB1 (46%) and Rh alkB2 (62%) genes were the most frequently detected among the alkane monooxygenase genes. Although in many cases the Rh alkB2 gene was not detected by PCR, the hybridization signals indicated that the weak PCR amplification products had relatively strong homology to the Rh alkB2 gene probe. Rh alkB1 was not detected among the control soils. Neither Pp alkB nor Ac alkM were detected in contaminated or control soils and therefore have not been included in Table 3 . The aromatic dioxygenase genes ndoB (8%) and xylE (23%) were detected less frequently in the Brazilian contaminated and control soil samples than in the Antarctic soils. The ndoB gene probe had a strong hybridization signal for only one contaminated soil, while the xylE genotype was not detected in any of the control soils. The strong hybridization signals to the cat23 gene probe revealed that 54% of the samples were probe positive for the cat23 genotype, although most of the PCR fragments were barely detectable in the agarose gel. Among the aromatic dioxygenase genes, todC1 (77%) (Fig. 2) was also the most commonly detected catabolic gene between contaminated and control soils from Brazil. Only three contaminated soils did not hybridize with this probe. The bphA1 genotype was detected by PCR in many of the contaminated and control sites in Brazil, but only 23% of the PCR fragments hybridized to the bphA1 gene probe, indicating that the amplified fragment had relatively low homology to bphA1.
Discussion
In the present investigation, the presence and distribution of nine catabolic genes were assessed in the bacterial communities in Antarctic and Brazilian soils. The molecular approach used in this study successfully detected distinct monooxygenase and dioxygenase genes in total microbial DNA extracts from contaminated and control soils from two distinct geographic regions. In most cases, hybridization analysis of the PCR fragments, using high stringency conditions, indicated that the amplified PCR fragments possessed a high level of homology to the corresponding target catabolic genes studied. In those cases where the amplified PCR fragments did not hybridize to the reference gene probes, there might have been a low degree of homology between the probe and the PCR fragment or the primers could have amplified an unrelated DNA fragment. During PCR analysis, preferential amplification of target genes can occur, but chimeras can also form during the amplification process, especially when working with mixtures of DNA from complex environments, such as those found in soils (Muyzer and Ramsing 1995) . In some cases, PCR amplification fragments were not visually detected by ethidium bromide staining but were detected by subsequent hybridization analysis because of the greater sensitivity of the hybridization technique. Also, the number of target copies in the community DNA extract could have been relatively low so that amplification did not produce enough material to allow visualization on the agarose gel.
PCR and hybridization analysis indicated that rhodococcal alkB1 and alkB2 were the most common alkane-degradative genotypes encountered in both the Antarctic and Brazilian soils: the rhodococcal alkB1 and alkB2 were detected in most of the contaminated and many control soils, while Pp alkB was generally detected in the contaminated soils but less often in control soils in Antarctica. Surprisingly, Pp alkB was not detected in any of the DNA extracts of Brazilian soils. We were not able to detect the alkM gene for Acinetobacter sp. strain ADP-1 in any of the soils from either geographic region. The failure to detect Ac alkM probably indicates that the alkM primers were too specific, amplifying only A. calcoaceticus ADP-1 alkM and not other Acinetobacter alkM homologues. In a very recent similar study (Margesin et al. 2003) , alkM genotypes were detected in contaminated alpine soils, using alkM universal primers, but not with the A. calcoaceticus ADP-1 alkM primer set used in this study. Overall, these results suggest that the Rhodococcus spp., which are ubiquitous and known to degrade hydrocarbons (Warhurst and Fewson 1994) , may play a predominant role in alkane degradation in contaminated soils in both regions, while polar soils may become enriched with alkane-degradative pseudomonads following contamination events. It is possible that other closely related high %G+C, mycolic-acid-containing actinomycetes (Mycobacterium tuberculosis, Prauserella rugosa) were also detected by the primer and probe sets, as alkB homologues found in these organisms possess significant full-length DNA sequence identity (65%-70%) to the Rh alkB genes (van Beilen et al. 2002; Whyte et al. 2002a ). The absence of Pp alkB and A. calcoaceticus ADP-1 alkM genes in Brazilian soils could be related to the molecular weight of the n-alkanes found in these soils, since high temperatures and sunlight irradiation in tropical and subtropical areas may in- Fig. 1A , transferred to a nylon membrane and probed with the 830-bp bphA gene probe derived from Pseudomonas pseudoalcaligenes KF707. Lanes: 1, H 2 O (negative control); 2, 100-bp ladder; 3, P. pseudoalcaligenes KF707 (bphA+); 4, 1A; 5, 1B; 6, 2A; 7, 2B; 8, 3A; 9, 3B; 10, 4A; 11, 4B; 12, 5; 13, FLD02; 14, FLD04; 15, FLD06; 16, FLD10; 17, FLD12; 18, FER17; 19, FER18. Rh alkB1 Rh alkB2 
Note: w, weak signal for PCR and (or) hybridization; -, no signal; +, positive signal. *CSP: Cubatão, São Paulo; FSC: Florianopólis, Santa Catarina. † The number and (percentage) of samples yielding PCR products hybridizing to known catabolic gene PCR products. crease the rate of short-chain alkane volatilization (Nicodem et al. 1998; Maki et al. 2001; Wang and Fingas 2003) , leaving only the long-chain alkanes for microbial catabolism; P. putida is capable of catabolizing C 5 -C 12 n-alkanes, Acinetobacter sp. strain ADP-1 catabolizes C 12 -C 18 n-alkanes, while Rhodococcus sp. strain Q15 possesses a broader alkane substrate range and is capable of degrading C 8 -C 32 n-alkanes. On the other hand, little is known about the diversity of genes responsible for the degradation of n-alkanes. The type of alkane hydroxylase may not only be dependent on the alkane chain length but also on the type of degradation, which could suggest that those communities may contain other alkane degradative systems, which are not related to the alk genotypes tested for and, consequently, not detected. Apparently, the alkane hydroxylase genes seem to be quite divergent in different genera (Smits et al. 1999) . Rhodococcus spp. are known to mineralize the medium, and longer chain alkanes and have been isolated from cold and temperate climates (Whyte et al. , 1998 (Whyte et al. , 1999b Aislabie et al. 1998; Bej et al. 2000) . Bacteria that aerobically degrade aromatic hydrocarbons use dioxygenases to activate and cleave the aromatic ring, and therefore, the corresponding genes are excellent targets for detecting and enumerating potential pollutant biodegraders in complex environments, such as petroleum-contaminated soils (Mesarch et al. 2000) . This study revealed that catabolic gene systems involved in the biodegradative pathways for aromatic and chlorinated organic compounds, mostly described in mesophilic microorganisms, also occur in microbial populations in very cold climates, such as the Antarctic. PCR and hybridization analyses revealed that the bacterial communities in both Antarctic and subtropical Brazilian soils possessed genes with homology to the ndoB, todC1, xylE, cat23, and bphA1 genes. A similar geographical distribution of these genes was found in Brazil, Puerto Rico, and the USA (Pellizari et al. 1996) , and in the Canadian Arctic (Whyte et al. , 1997 (Whyte et al. , 1999a . The most common genotypes found in contaminated and control soils from the Antarctic were todC1 and bphA1. In Brazil, the most common aromatic genotypes were also todC1 and cat23, which are involved in the degradation of toluene and catechol and probably are common chemicals and (or) metabolites found in these soils. A high level of genotypic diversity within a population suggests that the ability to catabolize a specific compound is associated with natural adaptation and that the horizontal transfer of novel genes between geographically distant but related strains is a common event .
Among the nine different catabolic genes examined, seven were detected in nonimpacted areas from the Antarctic and three were detected in the control Brazilian soils. The presence of this genotypic diversity in uncontaminated ecosystems could be related with biogenic and (or) geochemical sources of hydrocarbon compounds in these areas and not of anthropogenic origin. This result is especially intriguing in the Antarctic soils, since the Antarctic ecosystem is still considered as one of the last remaining control areas on the Earth (Bícego et al. 1996; Delille 2000) .
Most of the examined genotypes were consistently detected in the samples from both geographic regions but with a higher frequency in the Antarctic soils, indicating one of the following: (i) Brazilian soil samples had a low number of copies of the target genes (lower detection limit) or a lower population level having these genotypes, (ii) the presence of fewer homologous genes in the Brazilian bacterial communities, or (iii) the presence of novel or different catabolic gene systems involved in organic pollutant degradation pathways in this geographical area. Since the high diversity of degradative pathways is known, the Brazilian soils may have distinct catabolic genes, which could contribute to the metabolism of organic compounds in tropical and subtropical areas.
The PCR primers and DNA probes used in this study were more effective in the analysis of the Antarctic soils, which is somewhat surprising, since all of these primer sets and probes were developed from bacterial degradation pathways from temperate regions. The results also indicated that there was a higher degree of catabolic genotypic diversity and distribution among the microbial population in oil-contaminated soils than among the control soils for both geographic areas. Even though the presence of these genotypes in relatively control areas was also high, it suggests a selective enrichment of the hydrocarbon-degrading organisms in the contaminated soils, a characteristic commonly observed in sites previously contaminated with pollutants (Leahy and Colwell 1990; Whyte et al. 1999b) . Bacterial populations capable of degrading toluene, xylene, naphthalene, and biphenyl and (or) chlorobiphenyls can easily be obtained from healthy soils either directly or by selective enrichment, and they appear to be ubiquitous and probably use this catabolic versa- Fig. 2A , transferred to a nylon membrane and probed with the 560-bp todC1 gene probe derived from Pseudomonas putida F1. Lanes: 1, H 2 O (negative control); 2, 100-bp ladder; 3, P. putida F1 (todC1+); 4, ST1; 5, ST2; 6, ST3; 7, ST4; 8, ST5; 9, ST6; 10, ST7; 11, ST8; 12, ST9; 13, ST10; 14, PF1; 15, tility to adapt relatively easily when an organic pollutant is first introduced into the environment (Williams and Sayers 1994) .
In summary, bacterial communities from contaminated environments possess a highly advantageous genotypic flexibility, which is important for their adaptation and evolution while facing continuous changes in these ecosystems. A strategic DNA detection method for degradative genes, such as PCR and hybridization analyses, can be utilized to determine both the biodegradative potential and predominant catabolic pathways in an environment, as was demonstrated here for Rh alkB1 and alkB2 and for todC1 and bphA1. The primers and probes used in this study were successful in detecting genotypic diversity and catabolic gene distribution in natural environments. This work revealed that there is an evident dispersion of different catabolic genes involved in petroleum hydrocarbon and chloro-organics' degradation in the two locations examined, Antarctica and Brazil. Additional studies would be required to determine whether and to what extent these genotypes could be induced or activated and involved in the biodegradation of organic contaminants. Studies of catabolic diversity and genetic flexibility will be important elements in our understanding of natural bioremediation processes.
